Abstract. High-resolution and high signal-to-noise ratio spectra of Comet C/1995 O1 (Hale-Bopp), which provided continuous wavelength coverage from 5500Å to 8500Å and partial coverage from 4000Å to 5500Å, were obtained with the Coudé Echelle Spectrograph at Beijing Astronomical Observatory on March 26, 28 and April 22, 1997. In the spectra we found 532 emission features, among which 459 lines from H, O, Na, C2, C3, CN, CH, NH2 and H2O
Introduction
High-resolution spectral observation of Comet C/1995 O1 (Hale-Bopp) provides an opportunity to investigate the cometary chemical composition. It is significant that comets are the least modified remnants of the creation of the solar system and can provide insight into conditions existing in the early solar system. Low resolution optical spectra of many comets have been obtained (e.g. Hicks & Fink 1996) . Arpigny (1995) pointed out that some 200-300 of the approximately 2000 emission lines in the optical region of cometary spectra have yet to be assigned as molecular species.
With echelle spectrographs, we can obtain high resolution and large wavelength coverage spectra in optical regions. Such high resolution optical spectra of comets can be used to identify new molecular species. For example, Brown et al. (1996) gave a catalogue with 2997 emission lines based on high resolution spectra of comet Swift-Tuttle and Brorsen-Metcalf over the range of 3800-9000Å. Table 3 is only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/367/1049 (1997) also obtained the high resolution spectra of Comet C/1996 B2 (Hyakutake). However, some emission lines found in comets are still unidentified. Although many of the unidentified features are likely to belong to alreadyknown radicals and ions, the existence of yet unknown molecules responsible for these emissions cannot be excluded. Therefore, it is important to verify the presence of these lines in more comets. Their variation from comet to comet might also be helpful in identification.
In this paper, we present a catalogue of emission lines from the high-resolution and high signal-to-noise ratio spectra of Comet C/1995 O1(Hale-Bopp). The observation and data reduction are described in Sect. 2. The line identifications are described in Sect. 3. A brief discussion of our results on Na and [O I] is given in Sect. 4.
Observation and data reduction
The observation was made by using the Coudé Echelle Spectrograph mounted on the 2.16 m telescope at Beijing Astronomical Observatory (Xinglong, China). The detector was a Tek CCD (1024 × 1024 pixels of 24 µm × 24 µm each). The Coudé Echelle Spectrograph consists of a blue path and a red path. For the blue path, the 79 grooves/mm echelle grating was used, along with a prism as cross disperser and a 0.5 mm (1.06 ) slit leading to a resolving power of the order of 44 000. For the red path, the 31.6 grooves/mm echelle grating was used, along with a Table 1 . Journal of observations. The observation date, the universal time of mid-exposure, the exposure duration, the signalto-noise ratio on continuum at 6400Å, the spectrum range, the geocentric and heliocentric distances (∆, r) and the radial velocities (∆,ṙ) of the comet interpolated to the time of mid-exposure are listed. Table 1 ). The slit was positioned on the brightest point of the comet and manually guided on the comet. Four spectra were obtained during these observations. They provided continuous wavelength coverage from 5500Å to 8500Å and partial coverage from 4000Å to 5500Å. The wavelength coverage of each spectrum is listed in Table 2 . The spectrum of the moon was observed on March 27.
The spectra were reduced with the ESO MIDAS package on a SUN Sparc 20 workstation at Beijing Astronomical Observatory (Beijing, China). The data reduction includes locating the echelle order on the multiorder two dimensional spectrum, subtracting the background, and extracting the orders by summation along the slit. The pixel-to-pixel variation was corrected by dividing by flat fields taken at the same night. The wavelength calibration was based on a thorium-argon lamp. The continuum level was determined by fitting a spline curve to a set of continuum window (typically 20-30 per order). The continuum windows of spectra were selected by inspection of the solar atlas (Moore et al. 1966) . The ranges of cometary emissions were excluded by checking sudden variations in intensity compared to intensities in neighbouring continuum windows. Division of the spectrum by the fitted curve yielded a normalized spectrum. Since the conditions were not photometric in both March and April, no accurate absolute calibration could be made. The spectral atlas with the wavelength range from 5500Å to 8500Å of Comet C/1995 O1 (Hale-Bopp) on 28 March was published by Zhang et al. (1997a,b) .
Line identification
In order to distinguish emission features, moon spectra were subtracted. Both comet and moon spectra were shifted to the continuum at zero heliocentric radial velocity. A portion of the subtracted spectra on March 28 is shown in Fig. 1 .
Emission features were searched for in all subtracted spectra, and every feature was cross-checked in several spectra covering the same wavelength range. Emission lines between 5500Å to 8500Å, which were confirmed in different spectra, were included in our line catalogue. In addition, very strong and significant emission lines between 4000Å and 5500Å were selected. Regions around 6900Å and 7600Å in which water lines are rich were skipped because of spurious emission features at the locations of water lines in the subtracted spectra. In order to exclude the residuals of the continuum subtraction, the emission features were also checked in the unnormalized and unsubtracted spectra. Emission lines from the sky, primarily due to OH, were identified and removed using the table of Osterbrock et al. (1996) . The wavelengths and equivalent widths (EW s) of emission features were measured. The accuracy of the wavelength measurement is about 0.1Å. Finally, 532 secure emission features were selected for our line catalogue. Weak features (EW < 5 mÅ) were excluded.
Our line identifications are based on wavelength coincidences only. The catalogue of Brown et al. (1996) + lines are quite weak. Probably, the reason is the differences in abundances and spatial distribution of the species in the comet. Fig. 1b of Brown et al. (1996) and Fig. 1 of Morrison et al. (1997) , Fig. 1a of this paper shows that NH 2 and some unidentified lines are significantly stronger, relative to the C 2 lines. This may be a clue to the origin of the unidentified lines. Considering wavelengths and relative strengths, we suspect that these unidentified lines are NH 2 lines. However, the identification of these lines will be the subject of our forthcoming work. 
Compared with

Discussion
Na
The velocities and equivalent widths of sodium D emission lines on March 26, 28 and April 22 were measured (see Table 5 ). Compared with the geocentric radial velocities of the comet,∆, see Table 1 , the nucleocentric velocities are small, less than the error of measurement. The small nucleocentric velocities are expected since the slit was positioned at the center of brightness of the comet.
The sodium emission feature of comets is caused by resonant scattering of the incoming solar light. Therefore, the line intensity and acceleration of sodium atoms by solar radiation pressure depends strongly on the Doppler shift with respect to the solar Fraunhofer absorption lines (Swings effect). Figure 3 shows the comparison of sodium emissions from spectra taken on March 26, 28 and April 22. The intensity of sodium emission lines on April 22 increases about 5 times compared to March 26, 28, because the solar flux at the excitation wavelength of According to calculations of Arpigny et al. (1998) , our Na D 2 /D 1 ratio agrees with the model combining resonance scattering and telluric water lines (case 2 in Arpigny et al. 1998) . It supports the results of Arpigny et al. (1998) .
[OI]
The spectra include λ5577
The intensity ratio, I λ5577 /(I λ6300 + I λ6364 ), is used to determine the parent molecule which dissociates and forms the excited O atoms. In particular, the dissociation of H 2 O produces roughly ten times as many atoms in the 1 D as in the 1 S state and leads to an intensity ratio around 0.10 (Festou et al. 1981) . On the other hand, the dissociation of pure CO 2 or CO leads to roughly equal populations in the two states and, to some extent, it contributes to the production of O with a large intensity ratio. Morrison et al. (1997) and Fink & Johnson (1984) found that the data are well explained by the dissociation of H 2 O alone. The average EW s for λλ 5577, 6300 and 6364 are 0.032, 0.123 and 0.041Å, respectively. If the blends with Brown et al. (1996) . Columns 9 and 10 give wavelengths and EW s listed by Morrison et al. (1997) C 2 lines at 5577.40Å and 5577.54Å are considered, the equivalent width for λ5577 ( 1 S − 1 D) is 0.026 ± 0.003Å. We corrected the ratio of normalized line fluxes for the slope of the solar continuous flux, which we took from Allen (1973) . The slope of the reflectance spectrum of the comet is unknown. With a wavelength-independent reflectance, the [OI] intensity ratio I λ5577 /(I λ6300 + I λ6364 ) is 0.22 or 0.18 with the correction for blending of λ5577. The ratio is consistent with the production of O atoms by the dissociation of H 2 O, according to the model by Festou et al. (1981) .
